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Abstract

Glioblastoma-targeted drug delivery systems facilitate efficient delivery of chemotherapeutic
agents to malignant gliomas, while minimizing systemic toxicity and side effects. Taking
advantage of the fibrin deposition that is characteristic of tumors, we constructed spherical, Cy7-
labeled, targeting micelles to glioblastoma through the addition of the fibrin-binding pentapeptide,
cysteine-arginine—glutamic acid-lysine-alanine, or CREKA. Conjugation of the CREKA peptide
to Cy7-micelles increased the average particle size and zeta potential. Upon intravenous
administration to GL261 glioma bearing mice, Cy7-micelles passively accumulated at the brain
tumor site via the enhanced permeability and retention (EPR) effect, and Cy7-CREKA-micelles
displayed enhanced tumor homing via active targeting as early as 1 h after administration, as
confirmed via /n vivo and ex vivoimaging and immunohistochemistry. Biodistribution of micelles
showed an accumulation within the liver and kidneys, leading to micelle elimination via renal
clearance and the reticuloendothelial system (RES). Histological evaluation showed no signs of
cytotoxicity or tissue damage, confirming the safety and utility of this nanoparticle system for
delivery to glioblastoma. Our findings offer strong evidence for the glioblastoma-targeting
potential of CREKA-micelles and provide the foundation for CREKA-mediated, targeted therapy
of glioma.
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1. Introduction

Gliomas are primary brain tumors that are derived from astrocytes, oligodendrocytes, or
ependymal cells. Glioblastoma multiforme (GBM), a grade IV astrocytoma, accounts for
70% of all malignant gliomas and carries a 5-year survival rate of less than 5% with a 14.6-
month median survival time even with the treatment of aggressive radiotherapy and
concomitant or adjuvant temozolomide [1,2]. Treatment of glioblastoma represents one of
the most formidable challenges in oncology due to the inability to completely surgically
resect the tumor owing to a diffuse invasion of the surrounding normal brain tissue. The
amount of tumor removed is also limited by a proximity to critical regions for brain
function, unavoidably resulting in tumor recurrence [3]. Consequently, post-surgical
chemotherapy regimens are considered to be essential for the treatment of gliomas, but
therapeutic advancement for GBM has remained disappointing due to poor penetration of
chemotherapy agents successfully crossing the blood—brain-barrier (BBB) [4]. Although this
interface acts to protect the brain from exposure to harmful substances circulating in the
bloodstream under normal physiological conditions, the BBB simultaneously limits
penetration of drugs to cancerous tissue, even when partially compromised [5,6].

Recent developments in nanoparticle technology have yielded promising results in the
delivery of therapeutic agents across the BBB [7—9]. Micelles are of particular interest due
to their small size, biocompatibility, and hydrophobic core, which is especially advantageous
for loading poorly soluble drugs [10]. When properly designed, micelles can prolong drug
bioavailability in circulation and deliver drugs in the optimum dosage range, which results in
improved therapeutic efficacy and reduced toxic side effects [11]. Importantly, micelles have
been shown to chaperone chemotherapy agents across the BBB as active targeting drug
delivery systems in addition to passively targeting tumor tissue via the enhanced
permeability and retention (EPR) effect [12,13]. Through surface-modifications with ligands
such as transferrin, epidermal growth factor, folate, and a2-glycoprotein, micelles can bind

to receptors that are selectively expressed on cancer cells or the tumor vasculature [10,13-
15]

Previous reports demonstrate GBM is accompanied by leaky, hemorrhagic vasculature,
which contributes to thrombosis and fibrin deposition [16]. The presence of fibrin and
proteins that become cross-linked to fibrin in tumors, but not in normal tissues, are thought
to be a result of the leakiness of tumor vessels, which allows plasma proteins to enter from
the blood into tumor tissue where fibrinogen is converted to fibrin via tissue pro-coagulant
factors [17]. Since fibrin deposition within and around the tumor area is characteristic to
primary and metastatic brain tumors, we examined the targeting capabilities of micelle
nanoparticles functionalized with the clot-binding peptide, cysteine—arginine—glutamic acid—
lysine-alanine (CREKA) [18—20]. In our earlier studies, fluorescently-labeled micelles
functionalized with the CREKA pentapeptide were reported to home to sites of fibrin found
on thrombotic, atherosclerotic plaques [21]. Furthermore, CREKA has also been shown to
target breast and prostate cancer by binding to fibrin and fibrin-associated clotted plasma
proteins within the tumor vasculature [18,20]. For the first time, the potential of CREKA-
micelles as a targeting nanoparticle system for gliomas via active binding to fibrin within the
tumor blood vessels was investigated in this study. To this end, peptide amphiphiles
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consisting of the CREKA peptide were used to self-assemble targeting micelles. We
intravenously injected Cy7 labeled micelles with or without the CREKA peptide to mice
bearing intracranial glioma tumors and hypothesized that the micelles would be capable of
targeting brain tumor tissue through the EPR effect and that the CREKA modification could
further enhance tumor homing of the micelles by binding to intravascular clots as well as
interstitial areas of fibrin deposition (Fig. 1). In addition to targeting, the clearance
properties of these micelles were evaluated for up to 7 days.

2. Materials and methods

2.1. CREKA micelle synthesis

The [Cys—Arg—-Glu-Lys—Ala] peptide was synthesized using standard Fmoc-mediated solid
phase peptide synthesis methods on rink Amide resin (Anaspec, Fremont, CA, USA) using
an automated PS3 Benchtop Peptide Synthesizer (Protein Technologies, Tucson, AZ, USA).
Peptides were cleaved and deprotected with 94:2.5:2.5:1 by volume trifluoroacetic acid: 1,2-
ethanedithiol:H,O:triisopropylsilane and were precipitated and washed several times with
cold diethyl ether, dissolved in water, lyophilized, and stored as lyophilized powders at

20 °C. Crude, peptide mixtures were purified by reverse-phase HPLC (Prominence,
Shimadzu, Columbia, MD, USA) on a C8 column (Waters, Milford, MA) at 55 °C using
0.1% trifluoroacetic acid in acetonitrile/water mixtures and characterized by MALDI-
TOF/TOF mass spectral analysis (Biflex 111, Bruker, Billerica, MA, USA). Cysteine-
containing peptides were conjugated via a thioether linkage to DSPE-PEG(2000)-maleimide
(Avanti Polar Lipids, Alabaster, AL, USA) by adding a 10% molar excess of the lipid to
peptide in water. After reaction at RT for 24 h, the resulting product was purified and
characterized as described above. Cy7 was conjugated via a peptide bond to DSPE-
PEG(2000)-amine (Avanti Polar Lipids, Alabaster, AL, USA) by adding an equal molar
equivalent of Cy7 mono-N-hydroxysuccinimide ester (GE Healthcare Life Sciences,
Pittsburgh, PA, USA) to the lipid dissolved in 10 mM aqueous sodium carbonate buffer (pH
8.5). After reaction at RT for 24 h, the mixture was also purified on a C4 column and
characterized as described above.

CREKA micelles were assembled by dissolving the Cy7 and peptide containing DSPE-
PEG(2000) amphiphiles in methanol (10:90 molar ratio), mixing the components, and
evaporating the mixed solution under nitrogen. The resulting film was dried under vacuum
O/N, and then hydrated at 80 °C for 30 min in water or PBS and allowed to cool to RT. Non-
targeting micelles were assembled by combing DSPE-PEG(2000)-Cy7 and DSPE-
PEG(2000)-maleimide.

2.2. Micelle characterization

2.2.1. Critical micelle concentration determination via 1,6-diphenyl-1,3,5-
hexatriene (DPH) fluorescence—The critical micelle concentration (CMC) was
determined using DPH fluorescence [22]. This method relies on an increase in DPH
fluorescence as it partitions from aqueous solution into the hydrophobic micelle core.
Solutions of the CREKA peptide amphiphile (PA) ranged in concentrations from 316 to 0.01
UM. DPH was dissolved in tetrahydrofuran (THF) and a small amount of this solution was
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added to each PA solution to achieve 1 uM DPH with a residual THF volume percentage of
approximately 0.1. Solutions containing PA and DPH were allowed to equilibrate for 1 h
prior to measurement using a Tecan Infinite 200 plate reader (Mannedorf, Switzerland).
DPH was excited at 350 nm and fluorescence emission was measured at 428 nm.

2.2.2. Dynamic light scattering (DLS)—Stock solutions of 100 pM DSPE-PEG(2000)-
Cy7 and DSPE-PEG(2000)-CREKA in PBS were used to confirm the presence of small
spheroidal micelles and DLS measurements were determined at 90 ° and 637 nm using a
Brookhaven Instruments (Holtzville, NY, USA) system consisting of a BI-200SM
goniometer and a BI-9000AT autocorrelator.

2.2.3. Transmission electron microscopy (TEM)—Negative staining samples for
TEM were prepared by placing the CREKA PA solution on 400 mesh lacey carbon grids
(Ted Pella, Redding, CA, USA) for 2 min. Excess liquid was wicked away with filter paper
and the grid was washed with Milli-Q water before placing 1 wt.% phosphotungstic acid
solution for 2 min and washing with Milli-Q water. Dried samples were imaged on a JEOL
1230 TEM, immediately (JEOL, Ltd., Tokyo, Japan).

2.2.4. Zeta potential—Zeta potential of 100 uM DSPE-PEG(2000)-Cy7:DSPE-
PEG(2000)-CREKA and DSPE-PEG(2000)-Cy7:DSPE-PEG(2000)-maleimide (10:90 molar
ratio) dissolved in water were measured (Zetasizer Nano ZS, Malvern, Worcestershire,
United Kingdom, /= 3).

2.3. Animal experiments

To assess the targeting abilities of Cy7- and Cy7-CREKA-micelle nanoparticles, 8-10 weeks
old male C57BL/6 mice (Cat# 000664; Jackson Laboratories, Bar Harbor, ME, USA) were
intracranially injected with 4 x 10° GL261 murine glioma cells suspended in 5 pl PBS into
the right hemisphere of the brain. Tumors were allowed to grow for 1 week before
administration of 100 pul of 1 mM Cy7-CREKA-micelles, Cy7-micelles, or PBS via tail vein
injection. The fur was naired and removed, before obtaining /7 vivoimages at 1, 2, and 3 h
post-injection using a Xenogen IVIS 200 imaging system (Caliper Life Sciences, Hopkinton,
MA). Mice were then euthanized via CO, overdose and organs (e.g. brain, heart, lungs, liver,
kidneys, spleen, large intestines, and bladder) were excised at 3 h, 24 h, and 7 days post-
injection and imaged. Quantification and comparisons of the fluorescence signal were
achieved via Living Image software (PerkinElmer, Downers Grove, IL, USA, N=3). In
order to confirm that the micelles could target brain tumors and that the act of injecting did
not allow for accumulation of micelles at the injury site, mice were intracranially injected
with 5 pl PBS to establish the brain injury model, and Cy7- and Cy7-CREKA-micelles were
administered and imaged after 24 h post-injection. All animal procedures followed NIH
guidelines for the care and use of laboratory animals and were approved by the University of
Chicago’s Institutional Animal Care and Use Committee (Chicago, IL, USA).

2.4. Immunohistochemistry and histology

Following optical imaging, the brain, liver, and kidney were immediately frozen and
embedded in O.C.T. Tissue Tek (Tissue Tek, Sakura Finetek, Torrance, CA, USA) before 10
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pum samples were sectioned (Microm HM 525, Fisher Scientific, Pittsburg, PA, USA). Tissue
sections were stained with Hematoxylin & Eosin (H & E), scanned (CRi Panoramic,
PerkinElmer, Downers Grove, IL, USA), and analyzed with Pannoramic Viewer 1.14.53.0
software (3DHISTECH, Budapest, Hungary). For immunohistochemistry, tissue sections
were fixed with 4% paraformaldehyde, followed by incubation with Image-iT FX signal
enhancer (Invitrogen, Carlsbad, CA, USA) for 30 min at RT. Sections were washed with
PBS and incubated overnight at 4 °C with an antibody against fibrinogen (Santa Cruz
Biotech, Santa Cruz, CA, USA, 1:100). The next day, sections were incubated for 1 h at RT
using goat, anti-rabbit IgG-FITC (Santa Cruz Biotech, Santa Cruz, CA, USA, 1:100), and
mounted using Molecular Probes ProLong Gold anti-fade reagent with DAPI (Invitrogen,
Carlsbad, CA, USA).

2.5. Statistical analysis

3. Results

A Student’s #test was used to compare means of pairs. Analysis of variance (ANOVA) with
Newman-Keuls multiple comparison test post-hoc analysis was used to determine
significant differences among three or more means. A p-value of 0.05 or less was considered
to be significant.

3.1. Characterizations of micelles

The fibrin-binding pentapeptide, CREKA, was conjugated to DSPE-PEG(2000)-maleimide
via a thioether linkage to cysteine, and the CMC of resulting PAs was determined to be 9.3 x
107 uM (Fig. 2A). Fluorescently-labeled non-targeting (Cy7-micelle) and CREKA micelles
(Cy7-CREKA-micelle) were constructed by mixing DSPE-PEG(2000)-Cy7 with either
DSPE-PEG(2000)-CREKA or DSPE-PEG(2000)-maleimide in a 10:90 molar ratio, and the
presence of spherical micelles with an average diameter of 7.6 + 1.2 and 8.2 £ 1.2 nm was
confirmed via TEM and DLS (Fig. 2B and Table 1). Zeta potentials of Cy7- and Cy7-
CREKA-micelles were determined to be —27.4 + 4.5 and —12.6 + 1.6 mV, respectively
(Table 1).

3.2. Micelle targeting to gliomas

In order to assess passive targeting of Cy7-micelles via the EPR effect and enhanced
accumulation of Cy7-CREKA-micelles, micelles were intravenously administered in an
intracranial GL261 glioma mouse model and assessed via optical imaging (Fig. 3). After 1 h
in blood circulation, the localization of Cy7-CREKA-micelles at the tumor site was visible
via /n vivoimaging and the accumulation increased with time (Fig. 4). When brains were
excised and imaged, both Cy7-micelles and Cy7-CREKA-micelles were localized at the
tumor site within 3 h post-injection and cleared by 7 days (Fig. 5A). In contrast, no
fluorescence signal was found when micelles were administered in a brain injury model
(Fig. 5A). Both Cy7- and Cy7-CREKA-micelles demonstrated increased accumulation from
the 3 h—-24 h time points, but Cy7-CREKA-micelles accumulated to a significantly greater
extent than their non-targeting counterparts at each time point (3 h: 8.7 x 108 vs. 2.3 x 108
p/slcm?/sr; 24 h: 1.6 x 109 vs. 1.7 x 108 p/s/cm?/sr; Fig. 5B). When samples were sectioned
and evaluated histologically, both Cy7- and Cy7-CREKA-micelles showed bright,
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individual, punctate patterns of Cy7 fluorescence within the tumor region of the brain, and
no Cy7 signal was found in the non-tumor tissue (Fig. 6A). Notably, Cy7-CREKA samples
also showed a dimmer fluorescence signal present throughout the sample.
Immunohistochemistry also confirmed a generous amount of fibrin to be present within the
tumor tissue (Fig. 6B).

3.3. Biodistribution of micelles

Fig. 7 shows the biodistribution of micelles throughout the liver, spleen, kidneys, bladder,
large intestines, heart, and lung at 3 h, 24 h, and 7 days after injection using optical imaging
(Fig. 7). At all time points, both Cy7- and Cy7-CREKA-micelles were found to be primarily
localized in the liver. Micelles also showed greater accumulation in the kidney and bladder
when compared to the rest of the organs. By 7 days, both types of micelles were mostly
cleared from circulation and were found to reside only within the liver.

3.4. Liver and kidney assessment

As the liver and kidney are vital organs for metabolism and excretion, tissues were stained
with H & E, examined using light microscopy, and representative images from mice treated
with PBS, Cy7-micelles, or Cy7-CREKA-micelle at all time points are presented. As seen in
Fig. 8, no apparent tissue or cellular damage was observed in mice injected with either
micelles and were comparable to images obtained from mice injected with PBS, and no
pathological changes were observed.

4. Discussion

The treatment of glioblastoma is limited due to the aggressive nature of the tumor and the
inability for complete surgical excision. As a result, GBM prognosis remains poor, with a
14.6 month median survival time despite interventions [1]. Chemotherapy against
glioblastoma has not translated into meaningful improvements in patient outcome due to low
permeability and poor penetration across the BBB [23,24]. Furthermore, systemically
delivered chemotherapy poses challenges including high toxicity and numerous side effects
[24]. In contrast, the rational design of targeted delivery vehicles has the potential to
efficiently unload drugs to the tumor site, while sparing the surrounding healthy tissue and
the function of vital organs.

In this study, fluorescently-labeled micelle nanoparticles functionalized with the
pentapeptide, CREKA, were intravenously injected in a mouse model of glioma. Since
CREKA has been shown to target other types of tumors /n vivo by binding to fibrin intra-
vascularly and fibrin deposition is also present in primary and metastatic brain tumors,
CREKA-micelles were applied as targeting agents for gliomas [18—20]. The CMC of
micelles was close to 1 pM, which is comparable to micelle systems composed of DSPE-
PEG(2000) and 100 pl of 1 mM micelle solution was chosen to be administered in mice
because the concentration remains above the CMC even upon injecting into approximately 2
mL of circulating blood volume (Fig. 1A) [21,25]. The conjugation of CREKA to DSPE-
PEG(2000)-maleimide slightly increased the micelle size from 7.6 £1.2t0 8.2+ 1.2 nm
(Table 1, Fig. 1B). As particles from 5 to 250 nm are reported to exhibit higher transport
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efficiency to tumors, the nanoparticles obtained here are within the range of this requirement
[8,26—28]. The addition of the peptide also changed the zeta potential of micelles from —-27.4
+4.51t0-12.6 £ 1.6 mV. The surface charge of Cy7-micelles can be attributed to the
phosphate group of the DSPE tail, PEG molecules, and the maleimide, which is increased by
the addition of the arginine and lysine-containing peptide.

Cy7 was chosen as the fluorophore to be incorporated into micelles because its excitation
and emission wavelength in the near infrared range is optimal to achieve both deep tissue
penetration and low auto-fluorescence for /n vivo imaging [29]. Fig. 4 confirmed Cy7-
CREKA-micelles accumulate in the brain by 1 h and that the amount of accumulation can be
monitored and quantified through /n vivo imaging, supporting the possibility for quantitative
diagnostics using this system. When brains were excised after 3 h, 24 h, and 7 days post-
injection, fluorescence was detectable in tumors for both Cy7-micelles and Cy7-CREKA-
micelles, confirming that the micelles passively target gliomas by the EPR effect and that the
CREKA-madified micelles can further increase retention by active targeting (Fig. 5).
Accumulation for both Cy7-micelles and Cy7-CREKA-micelles between 3 h and 24 h post-
injection was not statistically significant although slightly higher at the latter time point,
suggesting that our micelle delivery system has the potential to deliver the maximum amount
of payload within 3 h after administration and is maintained for at least 24 h. Moreover, it is
possible that all of the fibrin-binding sites of the tumor are occupied by 3 h; since micelles
were constructed with a molar ratio of 10:90 for Cy7- and CREKA-containing amphiphiles,
future drug delivery studies will alter the peptide amphiphile ratio to exploit micelle binding
and offer the most efficient and highest amount of therapy to the tumor site.

After 7 days, micelles were cleared from the brain. Notably, no fluorescence signal was
found when either Cy7-micelles or Cy7-CREKA-micelles were administered in a brain
injury model. This confirms that the intracranial injection technique did not contribute to
micelle accumulation to the brain, but instead, micelles target specifically to tumors via
penetration of the compromised BBB. Upon histological examination, the fluorescence
signal followed the optical imaging trends in which Cy7-CREKA-micelles accumulate in the
tumor to a greater extent than Cy7-micelles (Fig. 6). Concentrated, fluorescent dots may
represent micelles entrapped within the tumor blood vessels or thrombi, whereas dimmer
regions of fluorescence may represent extravascular diffusion across the blood-tumor-barrier
(BTB) of Cy7-CREKA-micelles into the glioma tissue due to increased accumulation (Fig.
1) [27]. In order to verify whether Cy7-CREKA-micelles bind to intravascular fibrin within
gliomas, the presence of fibrin was determined via immunohistochemistry. However, upon
processing tissue sections for fibrin detection, the Cy7 signal was quenched.

In addition to the influence of material properties of nanoparticles on the penetration and
accumulation in tumor tissues, previous studies have reported particle size to affect the
clearance mechanisms of nanoparticles [26,30—33]. Since both Cy7- and Cy7-CREKA-
micelles are approximately 8 nm in diameter, they fall in the range of particles that are
capable of both renal clearance via the kidneys and bladder and elimination by macrophages
in the spleen and liver through the reticuloendothelial system (RES), which is consistent
with the biodistribution data found in Fig. 7 [34,35]. By 7 days, the majority of the micelles
were cleared and only remained within the liver confirming RES to play a larger role in
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clearance. H & E images confirmed that the liver and kidney, key organs involved in renal
clearance and RES, showed no signs of tissue damage and had morphologies that were
similar to that of PBS-treated controls, establishing the biocompatibility and safety of these
micelles as a targeted drug delivery system for the treatment of glioblastoma.

5. Conclusions

Cy7-labeled micelles were modified with the fibrin-binding peptide, CREKA, to enhance
the targeting of micelles to glioblastoma. Cy7-micelles and Cy7-CREKA-micelles were
spherical in shape and the addition of the pentapeptide increased the average particle size
and zeta potential from 7.6 to 8.2 nm, and —27.4 to —12.6 mV, respectively. Upon
intravenous injection into a mouse model of intracranial glioma, Cy7-micelles passively
accumulated at the tumor site via the EPR effect, whereas Cy7-CREKA-micelles displayed
enhanced tumor homing via active targeting, confirmed by /n vivo and ex vivo imaging and
immunohistochemistry. Importantly, neither Cy7-micelles nor Cy7-CREKA-micelles
localized to the brain in an injury model, conferring micelle specificity to brain tumors via
penetration across the compromised BBB. Bio-distribution of micelles showed high
accumulation in the liver and kidneys, which suggests both renal clearance and RES plays a
role in micelle elimination and organs showed no signs of cytotoxicity or tissue damage
determined via histological evaluation. Our study demonstrates a new avenue for targeting
glioblastoma, and future studies will harness these capabilities to achieve highly efficient,
chemotherapeutic drug delivery for the treatment of malignant gliomas.

Acknowledgments

The authors would like to acknowledge the financial support from the American Heart Association Postdoctoral
Fellowship granted to EJC, National Institute of Neurological Disorders and Stroke (NINDS) grants, U01INS069997
and RO1INS077388, to MSL, and NINDS grant, K99NS082381, to DAW that supported this research. Experiments
made use of the facilities at the NSF Materials Research Science and Engineering Center (MRSEC) and the Optical
Imaging Core at the University of Chicago.

References

1. Preusser M, de Ribaupierre S, Wéhrer A, Erridge SC, Hegi M, Weller M, et al. Current concepts and
management of glioblastoma. Ann Neurol. 2011; 70:9-21. [PubMed: 21786296]

2. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, et al. Effects of
radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase 11 study: 5-year analysis of the EORTC-NCIC trial. Lancet
Oncol. 2009; 10:459-66. [PubMed: 19269895]

3. 0ng BYS, Ranganath SH, Lee LY, Lu F, Lee H-S, Sahinidis NV, et al. Paclitaxel delivery from
PLGA foams for controlled release in post-surgical chemotherapy against glioblastoma multiforme.
Biomaterials. 2009; 30:3189-96. [PubMed: 19285718]

4. Chang SM, Kuhn JG, Robins HI, Schold SC, Spence AM, Berger MS, et al. A phase 1l study of
paclitaxel in patients with recurrent malignant glioma using different doses depending upon the
concomitant use of anticonvulsants. Cancer. 2001; 91:417-22. [PubMed: 11180089]

5. Zhou J, Atsina KB, Himes BT, Strohbehn GW, Saltzman WM. Novel delivery strategies for
glioblastoma. Cancer J. 2012; 18:89-99. [PubMed: 22290262]

6. Pardridge WM. Drug targeting to the brain. Pharm Res. 2007; 24:1733-44. [PubMed: 17554607]

7. Xin H, Sha X, Jiang X, Zhang W, Chen L, Fang X. Anti-glioblastoma efficacy and safety of
paclitaxel-loading angiopep-conjugated dual targeting PEG-PCL nanoparticles. Biomaterials. 2012;
33:8167-76. [PubMed: 22889488]

Biomaterials. Author manuscript; available in PMC 2015 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 9

8. Gu G, Xia H, Hu Q, Liu Z, Jiang M, Kang T, et al. PEG-co-PCL nanoparticles modified with
MMP-2/9 activatable low molecular weight protamine for enhanced targeted glioblastoma therapy.
Biomaterials. 2013; 34:196-208. [PubMed: 23069707]

9. Kuo Y-C, Liang C-T. Inhibition of human brain malignant glioblastoma cells using carmustine-
loaded catanionic solid lipid nanoparticles with surface anti-epithelial growth factor receptor.
Biomaterials. 2011; 32:3340-50. [PubMed: 21296415]

10. Zhang P, Hu L, Yin Q, Zhang Z, Feng L, Li Y. Transferrin-conjugated poly-phosphoester hybrid
micelle loading paclitaxel for brain-targeting delivery: synthesis, preparation and in vivo
evaluation. J Control Release. 2012; 159:429-34. [PubMed: 22306333]

11. Peer D, Karp JM, Hong S, FaroKhzad OC, Margalit R, Langer R. Nanocarriers as an emerging
platform for cancer therapy. Nat Nanotechnol. 2007; 2:751-60. [PubMed: 18654426]

12. Torchilin VVP. Micellar nanocarriers: pharmaceutical perspectives. Pharm Res. 2007; 24:1-16.
[PubMed: 17109211]

13. Kedar U, Phutane P, Shidhaye S, Kadam V. Advances in polymeric micelles for drug delivery and
tumor targeting. Nanomedicine. 2010; 6:714-29. [PubMed: 20542144]

14. Kabanov AV, Gendelman HE. Nanomedicine in the diagnosis and therapy of neurodegenerative
disorders. Progress Polym Sci. 2007; 32:1054-82.

15. Gilmore JL, Yi X, Quan L, Kabanov AV. Novel nanomaterials for clinical neuroscience. J
Neuroimmune Pharmacol. 2008; 3:83-94. [PubMed: 18210200]

16. Dvorak HF. Rous-Whipple Award Lecture. How tumors make bad blood vessels and stroma. Am J
Pathol. 2003; 162:1747-57. [PubMed: 12759232]

17. Dvorak H, Senger D, Dvorak A, Harvey V, McDonagh J. Regulation of extravascular coagulation
by microvascular permeability. Science. 1985; 227:1059-61. [PubMed: 3975602]

18. Agemy L, Sugahara KN, Kotamraju VR, Gujraty K, Girard OM, Kono Y, et al. Nanoparticle-
induced vascular blockade in human prostate cancer. Blood. 2010; 116:2847-56. [PubMed:
20587786]

19. Bardos H, Molnar P, Csecsei G, Adany R. Fibrin deposition in primary and metastatic human brain
tumours. Blood Coagul Fibrinolysis. 1996; 7:536—48. [PubMed: 8874864]

20. Simberg D, Duza T, Park JH, Essler M, Pilch J, Zhang L, et al. Biomimetic amplification of
nanoparticle homing to tumors. Proc Natl Acad Sci U S A. 2007; 104:932—6. [PubMed: 17215365]

21. Peters D, Kastantin M, Kotamraju VR, Karmali PP, Gujraty K, Tirrell M, et al. Targeting
atherosclerosis by using modular, multifunctional micelles. Proc Natl Acad Sci U S A. 2009;
106:9815-9. [PubMed: 19487682]

22. Chattopadhyay A, London E. Fluorimetric determination of critical micelle concentration avoiding
interference from detergent charge. Anal Biochem. 1984; 139:408-12. [PubMed: 6476378]

23. Nikanjam M, Gibbs AR, Hunt CA, Budinger TF, Forte TM. Synthetic nano-LDL with paclitaxel
oleate as a targeted drug delivery vehicle for glioblastoma multiforme. J Control Release. 2007;
124:163-71. [PubMed: 17964677]

24. Brem H, Piantadosi S, Burger PC, Walker M, Selker R, Vick NA, et al. Placebo-controlled trial of
safety and efficacy of intraoperative controlled delivery by biodegradable polymers of
chemotherapy for recurrent gliomas. Lancet. 1995; 345:1008-12. [PubMed: 7723496]

25. Kastantin M, Ananthanarayanan B, Karmali P, Ruoslahti E, Tirrell M. Effect of the lipid chain
melting transition on the stability of DSPE-PEG(2000) micelles. Langmuir. 2009; 25:7279-86.
[PubMed: 19358585]

26. Alexis F, Pridgen E, Molnar LK, Farokhzad OC. Factors affecting the clearance and biodistribution
of polymeric nanoparticles. Mol Pharm. 2008; 5:505-15. [PubMed: 18672949]

27. Gu G, Gao X, Hu Q, Kang T, Liu Z, Jiang M, et al. The influence of the penetrating peptide iRGD
on the effect of paclitaxel-loaded MT1-AF7p-conjugated nanoparticles on glioma cells.
Biomaterials. 2013; 34:5138-48. [PubMed: 23582684]

28. Hu K, LiJ, Shen Y, Lu W, Gao X, Zhang Q, et al. Lactoferrin-conjugated PEG-PLA nanoparticles
with improved brain delivery: in vitro and in vivo evaluations. J Control Release. 2009; 134:55-61.
[PubMed: 19038299]

29. Kobayashi H, Ogawa M, Alford R, Choyke PL, Urano Y. New strategies for fluorescent probe
design in medical diagnostic imaging. Chem Rev. 2009; 110:2620-40. [PubMed: 20000749]

Biomaterials. Author manuscript; available in PMC 2015 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chung et al.

30.

31.

32.

33.

34.

35.

Page 10

Duan X, Li Y. Physicochemical characteristics of nanoparticles affect circulation, biodistribution,
cellular internalization, and trafficking. Small. 2013; 9:1521-32. [PubMed: 23019091]

Arnida, Janat-Amsbury MM, Ray A, Peterson CM, Ghandehari H. Geometry and surface
characteristics of gold nanoparticles influence their biodistribution and uptake by macrophages.
Eur J Pharm Biopharm. 2011; 77:417-23. [PubMed: 21093587]

Sonavane G, Tomoda K, Makino K. Biodistribution of colloidal gold nanoparticles after
intravenous administration: effect of particle size. Colloids Surf B Biointerfaces. 2008; 66:274-80.
[PubMed: 18722754]

Dobrovolskaia MA, Aggarwal P, Hall JB, McNeil SE. Preclinical studies to understand
nanoparticle interaction with the immune system and its potential effects on nanoparticle
biodistribution. Mol Pharm. 2008; 5:487-95. [PubMed: 18510338]

Longmire M, Choyke PL, Kobayashi H. Clearance properties of nano-sized particles and
molecules as imaging agents: considerations and caveats. Nanomedicine. 2008; 3:703-17.
[PubMed: 18817471]

Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Ipe B, et al. Renal clearance of quantum dots. Nat
Biotechnol. 2007; 25:1165-70. [PubMed: 17891134]

Biomaterials. Author manuscript; available in PMC 2015 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chung et al.

Fig. 1.

Schematic of Cy7-micelle and Cy7-CREKA-micelle targeting glioma via the EPR effect and
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Fig. 2.
Characterization of CREKA-micelles. A) The CMC is approximately 1 uM and B) TEM

images confirm the spherical shape of CREKA-micelles.
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Design of animal studies.
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In vivo imaging of Cy7-CREKA-micelles. A) /n vivoimages show accumulation of Cy7-
CREKA-micelles in the brain and B) quantification of the fluorescence signal confirms

accumulation increases for up to 3 h.
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Fig. 5.
Ex vivoimaging of the brain. A) Cy7-micelles and Cy7-CREKA-micelles localize to brain

tumor tissue and are cleared by 7 days. No accumulation is seen in the injury model after 24
h. B) Cy7-CREKA-micelles accumulate within tumor tissue to a greater extent than Cy7-
micelles at 3 and 24 h post-injection. Asterisks denote statistical significance (o< 0.05).
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Fig. 6.

Higstological assessment of micelle and fibrin distribution. A) Fluorescence images and H &
E staining exhibit punctate patterns of the Cy7 signal within the tumor tissue in both Cy7-
micelle and Cy7-CREKA-micelle treated mice. Additionally, dimmer areas of Cy7 were
present in mice injected with Cy7-CREKA-micelles. No Cy7 was found in hon-tumor
tissues. B) Fibrin was present throughout the tumor region.
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Biodistribution of micelles. Fluorescence was measured at 3 h, 24 h, and 7 day time points
in (1) liver, (2) spleen, (3) kidneys, (4) bladder, (5) large intestines, (6) heart, and (7) lungs.
Micelles localized primarily to the liver, kidneys, and bladder.
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Fig. 8.

Representative H and E staining of the liver and kidney upon micelle administration. No
morphological changes or tissue damage was demonstrated in A) livers and B) kidneys
treated with micelles in comparison to the PBS-treated controls.
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Table 1

Size and zeta potential of micelles.

Cy7 Cy7-CREKA

Diameter (nm) 76+1.2 82+12
ZP (mV) -274%45 -126+1.6
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